Push-Pull Control of Motor Output by Johnson, Michael D et al.
Marquette University
e-Publications@Marquette
Physical Therapy Faculty Research and Publications Physical Therapy, Department of
3-28-2012
Push-Pull Control of Motor Output
Michael D. Johnson
Northwestern University
Allison Hyngstrom
Marquette University, allison.hyngstrom@marquette.edu
Marin Manuel
Northwestern University
C J. Heckman
Northwestern University
Published Version. Journal of Neuroscience, Vol. 32, No. 13 (March 2012): 4592-4599 . DOI:
10.1523/JNEUROSCI.4709-11.2012 © 2012 The Authors. Used with permission.
Behavioral/Systems/Cognitive
Push–Pull Control of Motor Output
Michael D. Johnson,1 Allison S. Hyngstrom,2Marin Manuel,1 and C. J. Heckman1,3
1Department of Physiology, Feinberg School of Medicine, Northwestern University, Chicago, Illinois 60611, 2Department of Physical Therapy, Marquette
University, Milwaukee, Wisconsin 53233, and 3Department of Physical Medicine and Rehabilitation, Physical Therapy and HumanMovement Sciences,
Northwestern University, Feinberg School of Medicine, Chicago, Illinois 60611
Inhibition usually decreases input–output excitability of neurons. If, however, inhibition is coupled to excitation in a push–pull fashion,
where inhibitiondecreases as excitation increases, neuronexcitability canbe increased.Although thepresenceof push–pull organization
has been demonstrated in single cells, its functional impact on neural processing depends on its effect on the system level. We studied
push–pull in the motor output stage of the feline spinal cord, a system that allows independent control of inhibitory and excitatory
components. Push–pull organizationwas clearly present in ankle extensormotoneurons, producing increased peak-to-peakmodulation
of synaptic currents. The effect at the system level was equally strong. Independent control of the inhibitory component showed that the
stronger the background of inhibition, the greater the peak force production. This illustrates the paradox at the heart of push–pull
organization: increased force output can be achieved by increasing background inhibition to provide greater disinhibition.
Introduction
The interaction between excitation and inhibition is a fundamen-
tal component of neural processing throughout the CNS. Typi-
cally, addition of inhibition to excitation results in decreased
neuronal excitability, as expected from its hyperpolarizing and
shunting effects (Coombs et al., 1955). Yet the presence of a
mixed background of excitation and inhibition has also been
shown to increase neuronal sensitivity to weak inputs as well as
improve information processing (Destexhe et al., 2003; Abbott
and Chance, 2005). A substantial increase in net input–output
gain can occur when changes in inputs alter the mixed back-
ground in a push–pull fashion. Push–pull produces depolariza-
tion by coupling an increase in excitatory input to a decrease in
inhibitory input (disinhibition) and hyperpolarization by the
complementary pattern of increased inhibition and decreased
excitation (disfacilitation). The increase in gain occurs because
the inverse changes in excitation and inhibition reinforce each
other to produce a larger total change (Heggelund, 1981; Ferster,
1988; Conway and Livingstone, 2006). Nonetheless, this organi-
zation of synaptic inputs has a paradoxical aspect to it: increasing
background inhibition allows for greater disinhibition and pro-
vides an increase in gain, and thus in excitability.
Previous studies of push–pull relied on indirect estimates of
synaptic input based on measurements of a neuron’s electrical
conductance. In fact, push–pull typically occurs with a substan-
tial increase in neuron conductance due to the inhibitory com-
ponents (Steriade, 2001; Destexhe et al., 2003). Here, we use a
well defined neuromechanical system that allows independent
control of both excitatory and inhibitory inputs and the ability to
identify the relationship between push–pull organization at the
single-cell and system levels. This system, the spinal motoneu-
rons that innervate ankle extensor muscles, has strong potential
for push–pull behavior. The key sensory inputs shared between
muscle groups acting at the ankle are organized reciprocally. Ex-
citation is shared among agonists and inhibition is exchanged
between antagonists (Eccles and Lundberg, 1958; Nichols et al.,
1999). These inputs largely arise from the length-sensitivemuscle
spindle Ia afferents (Matthews, 1964), generating excitation in
agonist motoneurons via a potent monosynaptic pathway and
inhibition in antagonists via an equally strong disynaptic path-
way (Eccles et al., 1956; Jankowska et al., 1965), as illustrated in
Figure 1. Our first goal was to test the hypothesis that these sen-
sory inputs are tonically active and thus capable of providing the
substrate for push–pull. Our second goal was to determine
whether this push–pull organization was accompanied by large
conductance changes, as it is in cortical cells (Destexhe et al.,
2003).
Our final goal was to compare cell and system behavior when
the inhibitory component of this reciprocally coupled input is
eliminated. Our hypothesis was that push–pull organization ef-
fectively propagates through the pool of motoneurons to emerge
at the system level as increased force modulation in response to
ankle rotation. In addition, we hypothesized that increasing this
background inhibition would increase force modulation.
Materials andMethods
Ethical approval. All procedures were approved by the Institutional Ani-
mal Use and Care Committee of Northwestern University. All animals
were obtained from a designated breeding establishment for scientific
research. Before the experiments, animals were housed and fed within
designated areas, which aremonitored daily by veterinarians and trained
personnel. Data were compiled from 14 adult cats of either sex weighing
between 2 and 5 kg.
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Surgical preparation. Surgical procedures for all experiments were
completed under deep anesthesia (1.5–3% isofluorane in a 1:3mixture of
O2 and NO2 administered through a ventilator). Anesthetic level was
adjusted in response to continuous monitoring of blood pressure and
heart rate as well as responses to paw pinch. For all experiments, the right
carotid artery and jugular vein were cannulated to monitor blood pres-
sure and deliver intravenous fluids and drugs, respectively. For the ro-
botic arm experiments, the hindlimb skin was kept as intact as possible.
Through a small incision, nerves to the medial and lateral gastrocnemius
muscles (MG and LGS, respectively; 4 animals) were identified and cuff
electrodes were applied for antidromic stimulation of motoneurons. A
vertebral laminectomy was done from L3 to L7 to expose the spinal cord
and the cord was bathed inmineral oil. A precollicular decerebration was
performed, anesthesia discontinued, and paralysis induced with gal-
lamine triethiodide (Sigma-Aldrich) at which time the animal was ven-
tilated and it’s paw was attached to a six degrees of freedom robotic arm
(Staubli; AG Robotics; Fig. 1). The robot was adjusted so that the
hindlimb was positioned into a start position: the ankle at 90° relative to
the tibia, the knee at 130°, and the hip at 105°. For most experiments, a
bilateral pneumothorax was performed to promote stable recordings by
lesseningmovement of the chest wall. In the voltage-clamp experiments,
using the dual linear motors instead of the robotic arm, a more extensive
hindlimb surgery was performed. After rigidly clamping the hip and
knee, the ankle extensor muscles MG and LGS were isolated and the
distal portion of their common tendonwas cut and attached to one of the
motors. The ankle flexor muscles tibialis anterior (TA) and extensor
digitorum longus (EDL) were similarly isolated and attached to the other
motor. For the experiments measuring reflex forces (5 nonparalyzed
decerebrate animals), the soleus muscle was isolated and a force trans-
ducer was interposed between it and the linear motor. At the end of each
experiment, the animal was killed by injection
of potassium citrate followed by bilateral
pneumothorax.
Intracellular recordings. Intracellular record-
ings of lumbar spinal motoneurons were per-
formed using sharp electrodes (3–5 s)
filled with 2 M potassium citrate. Single elec-
trode discontinuous voltage clamp (switching
frequency, 8–10 kHz)was applied using anAx-
oclamp 2A amplifier (Molecular Devices).
Datawith inadequate settling of electrode tran-
sients were rejected. To enhance the low-
frequency gain in the negative feedback loop,
an external gain circuit was used that allowed
for gains of 100–300 nA/mV (for details, see
Lee and Heckman, 2000).
Experimental protocols. For the voltage-
clamp experiments, MG and LGS motoneu-
rons were identified by antidromic stimulation
of peripheral nerves. For all experiments inves-
tigating the effects of push–pull coupling on
neuron gain at the single-cell level, membrane
potential was held constant at rest, slightly de-
polarized to the reversal potential for IPSPs. For
experiments investigating the effects of persistent
inward current (PIC) activationonpush–pull in-
puts, the onset of the PIC was determined by a
slowvoltage ramp(6–8mV/s), as inourprevious
studies (Lee and Heckman, 1996, 1998; Hyng-
strom et al., 2008b). PIC onset voltage was iden-
tified at the point of zero slope in the resulting
current–voltage relationship. The cell was then
depolarized toPIConset and thepush–pull input
applied. Input resistance (Rin) was measured
from the inverse of the slope of the subthreshold
region of the current–voltage relation.
For the first set of experiments, the robotic
arm passively flexed and extended the ankle
(15°) eight times at 1 Hz with the ankle mus-
culature completely intact while anMGor LGS
motor neuron (MN)was voltage clamped. In previous experiments using
the robotic arm, movements at joints not involved in the primary rota-
tion were found to vary from 0° to 2° from the starting position. This was
done under two conditions: (1) with the synaptic inputs to the extensor
MNs fully intact and the conductances interacting in a push–pull man-
ner and (2) with the inputs from the flexor muscles eliminated (non-
push–pull) by surgically cutting the distal portion of the tendons of the
flexors TA and EDL and securing them at the fixed starting length. Total
effective synaptic current (IN) was composed of depolarizing (IDep) and
hyperpolarizing (IHyp) components. IDep and IHyp amplitudes were cal-
culated from the baseline voltage current level before the onset of the
ankle movements. IHyp was calculated as the peak current value relative
to the baseline current and IDep as the absolute value of the trough value
relative to baseline (see Fig. 3). From our starting position, the robot
rotated the ankle joint through flexion and extension and the resulting
IDeps and IHyps at the extensor MNs were recorded. The ankle rotations
were repeated in recordings fromMNs after the flexor tendons were cut.
IN modulation for an extensor MN under push–pull control and for a
MN under non-push–pull is shown in Fig. 3. Differences in the IDep and
IHyp for the push–pull and non-push–pull conditions were calculated
and averaged.
In the second set of experiments, we used linear motors to indepen-
dently control the lengths of the flexor and extensormuscles. Both sets of
muscles were surgically isolated and attached to the motors at lengths
corresponding to an ankle angle of 90° (see Fig. 4). After an extensorMN
was under voltage clamp, the ankle extensor muscles were stretched and
shortened 5 mm, providing excitation and disfacilitation to the MN.
This was immediately followed by alternately stretching and shortening
the extensors and flexors (TA/EDL) to provide the coupled (excitation/
Figure 1. A, A robotic arm attached to the cat’s foot flexed and extended the ankle joint. B, With the system intact, as shown
here, ankle flexion stretches extensormuscles andprovidesmonosynaptic excitation that depolarizes the extensorMN; at the same
time, the flexor muscles are shortening, decreasing the amount of inhibition from inhibitory interneurons (I-IN). C, During exten-
sion, the opposite occurs: inhibition to the MN increases while excitation decreases.
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disinhibition and inhibition/disfacilitation) inputs to the MN. These
stretches were repeated for eight cycles at 1 Hz for each condition. IDep
and IHyp measurements were the same as for the passive ankle rotation
experiments described above (see Fig. 4).
An important distinction between the robotic arm experiments and
experiments using the linearmotors is that the former allowedus to study
push–pull effects in a largely intact biomechanical system but restricted
our analysis to between-cell comparisons and the latter allowed us to
make within-cell comparisons between the effects of a push–pull config-
uration and a non-push–pull configuration.
In the experiments measuring extensor reflex force, the same stretch
and shortening protocols were used, either stretching and shortening an
ankle extensor alone or by simultaneously stretching and shortening the
ankle flexors out of phase with the extensor. The initial muscle lengths
were set in three different ways: (1)muscle lengths were set in accordance
with an ankle angle of 90°; (2) the flexor muscles (TA/EDL) were started
2.5 mm longer than that corresponding to a 90° ankle angle, providing a
larger amount of initial background inhibition: our enhanced inhibition
condition; or (3) the flexormuscleswere started 2.5mmshorter than that
corresponding to a 90° ankle angle, thus providing a lesser amount of
initial background inhibition: our reduced inhibition condition. For all
of the reflex experiments, the stretches were performed at 1 Hz and each
trial consisted of four cycles. The stretch protocols were repeated four
times. Reflex forces were measured with a 25N load cell in series with the
linear motor attached to the extensor (soleus) muscle. At the end of each
experiment, stretch protocols were repeated after hindlimb denervation
to record passivemuscle properties, whichwere then subtracted from the
force measurements.
Statistics. Data were processed and analyzed using Signal (Cambridge
Electronic Design), Igor (WaveMetrics), and Excel (Microsoft) software.
For statistics, two-tailed nonequal variance Student’s t tests were used to
evaluate significant differences.
Results
Our first set of experiments was designed to test the hypothesis
that Ia excitatory and Ia inhibitory systems are tonically active
and thus behave in a push–pull manner. Figure 2 illustrates pos-
sible outcomes. If the synaptic currents generated by ankle flex-
ion–extension are organized in a reciprocal fashion without a
tonic baseline, elimination of the inhibitory component would
simply leave the excitatory component (Fig. 2, left). If, however,
this reciprocal organization is superimposed on a tonic base of
excitation and inhibition, then elimination of inhibition will re-
duce the depolarizing current due to loss of disinhibition (Fig. 2,
bottom right). A reduced hyperpolarizing current will remain as
well: inhibition from stretching the flexor is lost but disfacilita-
tion of the tonic activity in extensor Ia afferents remains. Two
types of experiments were performed to detect push–pull orga-
nization by eliminating the inhibitory component at the single-
cell level.
In the first type, the ankle joint was left as intact as possible.
During voltage clamp of each extensor motoneuron, the ankle
joint was precisely rotated first into extension and then into flex-
ion by a robotic arm (Fig. 1A). Then, inhibition was eliminated
by cutting the tendons of the flexors and allowing them to remain
at a constant short length during the ankle rotation. The intact
and cut tendon procedures were done in separate experiments,
because cutting the tendons during intracellular recording is not
feasible due to brief surges in blood pressure that destabilize the
cell penetration. The result conformed to the prediction based on
push–pull: the amplitudes of the synaptic currents generated in
each phase were reduced, but a hyperpolarizing component re-
mained (Fig. 3). Of the 16 ankle extensor MNs in these experi-
ments, the eight cells (average Rin  0.7 M) in the push–pull
condition on average showed significantly larger synaptic cur-
rents than the eight cells (avergage Rin  0.9 M) in the non-
push–pull condition (I  peak-to-peak current; Fig. 3; I
push–pull 10.53 nA, I non-push–pull 5.26 nA; p  0.04). The
individual depolarizing and hyperpolarizing components were
also larger in the push–pull conditions (IDep  depolarizing
component;IHyp hyperpolarizing; push–pullIDep 5.5 nA,
non-push–pullIDep 2.98 nA; p 0.08, push–pullIHyp 4.9
nA, non-push–pull IHyp 2.19 nA; p 0.03).
In the second type of experiment, the ankle extensor and
flexor muscles were surgically isolated and their tendons inde-
pendently attached to separate computer-controlledmuscle pull-
ers (servo-controlled for precise changes in length; Fig. 4). This
procedure allowed us to compare push–pull to non-push–pull
within single cells, by comparing synaptic currents when all mus-
cles were set at initial lengths (push–pull condition) to currents
generatedwhen the flexors were held steadily at their 90° position
while the length change was applied solely to the extensors (non-
push–pull). The result again strongly supported the existence of a
baseline of both tonic excitation and inhibition and thus of a
Figure2. When tonic levels of excitation and inhibition, the substrate for push–pull control,
are present, maximum depolarization (and maximum firing frequencies) is achieved when
disinhibition is coupled with excitation. Similarly, maximum hyperpolarization is achieved by
the coupling of disfacilitation with inhibition. In our experiments, this was tested by having
either an intact Ia reciprocal inhibition system or by disrupting reciprocal inhibition by cutting
the tendons to antagonist muscles.
Figure 3. Typical voltage-clamp recording of an ankle extensor motoneuron in the robotic
arm experiments. Blue trace is the effective synaptic current measured at the MN soma as the
ankle is extended and flexed in the non-push–pull condition (tendon to antagonist muscles
cut). In the red trace, the system is left intact with the synaptic inputs acting on the MN in a
push–pull fashion. The total peak-to-peak current aswell as the IDep and IHyp componentswere
facilitated during passive ankle rotations in the push–pull (pp) configuration.
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push–pull organization: the amplitudes of each phase were
reduced, but a hyperpolarizing component remained (for an
individual example, see Fig. 5; for group data, see Table 1).
Amplitudes of total current and of the hyperpolarizing and de-
polarizing components were reduced by approximately one-
third and all differences were significant (t tests, p  0.01 in all
cases). These results strongly support the hypothesis that ankle
extensor motoneurons receive a baseline of balanced excitation
and inhibition from sensory input and that this input is organized
in a push–pull fashion.
As a result, the gain of themotoneuron to this sensory input is
markedly increased. These results also support the fundamental
role of Ia reciprocal from the antagonists, as the only other mus-
cles undergoing length changes were the direct antagonists (TA/
EDL) of the muscle innervated by the motoneurons studied. No
changes in length of other pretibial flex-
ors, such as the peroneal group or exten-
sor digitorm brevis, occurred. Moreover,
there were no changes in cutaneous or
joint afferents. This result is consistent
with our previous work showing that an-
kle rotation effects on motoneurons are
dominated by the agonist and antagonist
Ia afferents, with little effect from cutane-
ous afferents or other muscle afferents
(group II, III, IV) (Hyngstrom et al.,
2008a).
Studies of synaptic arrangements in
other neural systems have used changes in
cell conductance as a measure of the rela-
tive contribution of excitation and inhibi-
tion (Bernander et al., 1991; Archie and
Mel, 2000; Chance et al., 2002;Destexhe et
al., 2003; Monier et al., 2008). This ap-
proach requires linear current–voltage re-
lations, but this condition is not usually
present in the motoneurons in our prepa-
ration. In the subthreshold range, the
steady serotonin (5HT) and norepineph-
rine (NE) input induces strongH currents
and, as threshold is approached, the PICs
facilitated by 5HT and NE begin to acti-
vate (Powers andBinder, 2001).Nonethe-
less, inhibitory inputs inmany systems are
associated with large changes in cell conductance. Therefore, av-
erage total conductance (G) was calculated as the robotic arm
was used to rotate the ankle. This was done during current clamp,
with short (40 ms) 5 nA current pulses delivered throughout the
rotation (Fig. 6). The values during peak flexion, neutral position,
and peak extension were averaged across several cycles in five
cells. Overall cell conductance increased during extension
(9.84%), consistent with the activation of inhibition during the
resulting stretch of flexors, and decreased during flexion (3.49%),
consistent with a decrease in inhibition, compared with neutral
position (average resting G in neutral position 0.64 S, SD
0.14; extension  0.7 S, SD  0.19; flexion  0.61 S, SD 
0.18). These changes are modest compared with other systems
and show that motoneurons are not in a high-conductance state
for their push–pull organization. The magnitude of these con-
ductance changes are, however, consistent with previous mea-
sures of the effect of reciprocal inhibition in extensor
motoneurons (Stuart and Redman, 1990; Heckman and Binder,
1991; Hyngstrom et al., 2008b) as well as with our previous study
of the conductance changes due to ankle rotations (Hyngstrom et
al., 2007).
The PICs facilitated by 5HT and NE strongly amplify excit-
atory and inhibitory synaptic input (Lee and Heckman, 1996,
2000; Bennett et al., 1998; Hultborn, 2001; Hultborn et al., 2003).
The experiments described thus far were all done with the mo-
toneuron at its resting level, well below the voltage threshold at
which PICs exert this amplifying effect. To determine how push–
pull control interacts with the amplification provided by PICs, we
compared the push–pull currents at these hyperpolarized hold-
ing potentials to those obtained at depolarized holding potentials
just at threshold for strong PIC activation (defined as the onset of
the negative slope region induced by the PIC in the current–voltage
relation). At this depolarized level, the excitatory component of the
push–pull synaptic input should undergo amplification via PIC ac-
Figure 4. Illustration of the computer-controlled linear motor set up to test the push–pull hypothesis within cells. The distal
tendons to ankle extensor and flexor muscles were attached to the linear motors, which independently controlledmuscle lengths
while measuring effective synaptic currents in ankle extensor motoneurons. I-IN, Inhibition from inhibitory interneurons.
Figure 5. Typical voltage-clamp recording of an ankle extensor motoneuron in the within-
cell dual linearmotor experiments. The red trace shows the effective synaptic currentmeasured
at the soma during stretch of ankle flexor and extensor muscles in the push–pull (pp) arrange-
ment. In the blue trace, only the extensormuscles are stretched and shortenedwhile the flexors
are held at a fixed length (non-push–pull). Note the dramatic reduction synaptic current in the
non-push–pull condition (blue trace).
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tivation and inhibitory input should undergo amplification by PIC
deactivation.
The peak-to-peak currents from stretch/shortening of flexors
and extensors were amplified 2.2-fold at depolarized (depol)
and hyperpolarized (hyperpol) levels (average outward current
in depol condition: 3.9 nA, in hyperpol condition: 1.7 nA; average
inward current in depol condition: 5.8 nA, in hyperpol condition:
2.4 nA; for an example, see Fig. 7). Although only one level of
depolarizationwas examined, the 2.2-fold amplification is within
the twofold to threefold range expected from maximal PIC am-
plification for both pure excitatory and pure inhibitory inputs in
previous studies in this same preparation (Lee and Heckman,
2000;Hyngstrom et al., 2007, 2008b). This result suggests that the
gains of neuromodulation and push–pull interact approximately
linearly. Overall, the total increase in gain from push–pull and
PIC amplification is approximately threefold (1.3 for push–pull,
2.2 for PICs).
In our final series of experiments, we turned our attention to
the question of whether the push–pull organization at the single-
cell level would produce strong effects at the whole-system level.
Each motoneuron innervates its own set of muscle fibers in a
specific muscle to form a motor unit, the quantal element of
motor control. Muscle force is generated by both population and
rate coding of motor units. Population coding occurs via re-
cruitment of progressively larger, faster, and more fatigable
motor units, a sequence known as Henneman’s size principle
(Henneman and Mendell, 1981). Each recruited motoneuron
then undergoes rate modulation. The
forces produced by recruitment and rate
modulation of motor units sum approxi-
mately linearly to produce whole-muscle
force (Sandercock and Maas, 2009). To
test whether the clear increase in gain due
to push–pull at the single-motoneuron
level was also present in this complex pop-
ulation output, wemeasured forcemodu-
lation from extensor muscles using the
linear muscle puller arrangement illus-
trated in Figure 4 with the addition of a
force transducer to which the ankle exten-
sor muscles were attached (unlike the
above intracellular studies, where achiev-
ing mechanical stability for voltage clamp
in vivo is challenging, these studies of force
were performed in nonparalyzed prepara-
tions). As shown in Figure 8, the push–pull
condition(where extensors and flexorswere
stretched reciprocally) consistently resulted
in higher peak force production than the
non-push–pull condition (as for thewithin-
cell intracellular study, in this condition
only the extensors underwent length chang-
es; the flexors were held steady at their 90°
lengths; 13.9N vs 9.38N; Table 2). The
amountof this increase (24%) is similar to
that obtained on average in single cells
(33%). Thus, push–pull was effectively translated to the system
level.
The effects of push–pull force modulation were also depen-
dent on the initial position of the flexors. As the flexor muscles
were held at a length longer than that corresponding to an ankle
angle of 90° before the onset of a trial to reciprocal stretching,
presumably increasing the background of inhibition in the exten-
sors, the increase in gain afforded by the push–pull arrangement
was even greater (Table 2). If the flexors were held at a length
shorter than an ankle angle of 90°, the push–pull gain effect was
less (Table 2). This remarkable result illustrates the basic paradox at
the heart of push–pull organization: to increase force modulation,
add background inhibition to increase disinhibition.
Figure6. Conductancemeasurements.A–D, Small (5 nA) current pulses (A)were passed via intracellular electrode through the
homonymous MN soma during ankle rotations at peak extension (B) and peak flexion (C), and while the ankle was held in the
neutral position (D). Conductanceat each timepointwas calculatedasG I/V. Overall conductance changeduringextension (B)
was larger than conductance change during flexion (C).
Table 1. Dual linear motor experiments data summary: mean effective synaptic
peak-to-peak, inward, and outward currents of ankle extensor MNs in the
push–pull and non-push–pull condition
Peak-to-peak I (nA) (n 8) Depol I (nA) (n 8) Hyperpol I (nA) (n 8)
Push–pull
CP1_1 7.3 4.7 2.6
CP1_2 7.1 4.4 2.7
CP1_3 12.1 7.2 4.9
CP1_4 12.9 7.5 5.4
CP1_5 14 7.4 6.7
CP2_1 13.2 7.5 5.7
CP2_2 7.1 4.8 2.3
CP2_3 9.5 4.4 5.1
CP2_4 5.9 4.2 3.7
Average 9.9 5.56 4.34
Non-push–pull
CP1_1 4.9 3.5 1.4
CP1_2 5.2 3 2.2
CP1_3 10.9 6.7 4.3
CP1_4 9.6 5.8 3.8
CP1_5 12.2 6.8 5.4
CP2_1 4.7 2.2 2.4
CP2_2 2.3 1.2 1.1
CP2_3 5.9 2.7 3.2
CP2_4 3.9 1.4 2.5
Average 6.62 3.68 2.92
% 33.11 (20.1) 33.73 (25.5) 32.74 (15.8)
t test 0.002 0.007 0.0008
CP1_1, Cat 1 cell 1; CP2_1, cat 2 cell 1; etc.
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Discussion
Our results show that the passive sensory input generated by
ankle rotations is organized in a push–pull fashion, due to recip-
rocal changes generated from a steady background of excitation
and inhibition. The independent control of excitatory and inhib-
itory components in this model system allowed us to demon-
strate that push–pull gain enhancement propagates through the
population of ankle extensor motoneurons and emerges at the
system level, such that force modulation (F) generated by ankle
rotation was markedly increased. Previous studies have shown
that the net input–output gain of motoneurons can be enhanced
by increasing the slope of the F/I relationship and amplifying
synaptic inputs via PIC-mediated dendritic amplification (Lee
and Heckman, 1996; Bennett et al., 1998; Hultborn et al., 2003).
Push–pull control affords the CNS another mechanism for mod-
ulating motoneuron gain, by reciprocal modulation of two op-
posing input systems. The extent of the increase in force
modulation could be controlled by altering the level of back-
ground inhibition, achieved by adjusting the initial length of the
antagonist muscles. The effective emergence of push–pull at the
system level indicates that excitation and inhibition are precisely
balanced across all members of the motoneuron pool, in that the
excitation offsets inhibition sufficiently to avoid hyperpolariza-
tion pushing motoneurons below their recruitment thresholds.
This result strongly suggests that the relative strengths of Ia exci-
tation and Ia inhibition are remarkably well matched and that
this fundamental sensory input is inherently designed to operate
in a push–pull mode.
Balanced excitatory and inhibitory input to cortical neurons
induces a high conductance, noisy state (Steriade, 2001; Destexhe
et al., 2003). Although the Ia excitation and inhibition appear to
be balanced in terms of amplitude, the push–pull organization in
motoneurons in this studywas not accompanied by large changes
in input conductance (average 15%). Higher changes in con-
ductancemay occur in dendritic regions, although itmust be kept
in mind that much of the Ia reciprocal inhibition is proximal
(Burke et al., 1971). Perhaps the very high resting input conduc-
tance of motoneurons compared with other cell types, which is
due to their unusually large size (Powers and Binder, 2001),
places them in a unique operating mode.
Several lines of previous research provide support for the re-
sults reported here. An important previous study showed that
reciprocal coupling of antagonists increases ankle joint stiffness
(Nichols and Koffler-Smulevitz, 1991) and obtained the basic
result demonstrated here in Figure 8, i.e., that reciprocal changes
in length of soleus versus TA/EDL increases the force generated
by stretch of soleus. Additionally, Ia inhibitory interneurons are
spontaneously active in this preparation, likely providing the
background of tonic inhibition necessary for push–pull (Wilson
and Burgess, 1962; Hultborn et al., 1971a,b). Furthermore, recip-
rocal inhibition via antagonist muscle stretch has been shown to
not only provide inhibition to antagonist muscles, but also disin-
hibition to the homonymousmuscle (Hultborn et al., 1976; Fu et
al., 1978). The potential role of disinhibition in muscle force
production has been previously suggested to be functionally im-
portant (Houk and Henneman, 1974). Renshaw cells have recip-
rocal connections with Ia inhibitory interneurons (Wilson and
Burgess, 1962) andmay play a role in push–pull organization, but
this potential contribution is difficult to assess experimentally.
Our results also showed that the gain increase due to push–
pull can be further enhanced by the amplification due to PICs.
Furthermore, the push–pull control appeared to minimize a po-
tential problem with PIC amplification of time-varying inputs,
namely the PIC’s strong tendency to prolong inputs. In fact, PIC
activation by brief inputs can induce sustained plateau potentials,
especially in low-threshold motoneurons (Hounsgaard et al.,
1988; Lee andHeckman, 1998). The inhibitory component prob-
ably prevented PIC prolongation of input, with the redevelop-
ment of inhibition as depolarization fades likely deactivating the
PIC. Thus, the pattern of synaptic currents continued to closely
Figure 7. Example of a slow depolarizing voltage ramp applied to a voltage-clamped ankle
extensor motoneuron subject to push–pull synaptic inputs (leak subtracted). Note the amplifi-
cation due to activation of the PIC.
Figure 8. Representative example of reflex (rflx) force measures during dual linear motor
experiments. The red trace shows reflex force generated in ankle extensor muscles when the
agonist and antagonist muscles are stretched and shortened in a push—pull (PP) manner.
When theantagonistmuscle is held at a constant lengthandextensormuscles are stretchedand
shortened alone, resulting reflex forces arise fromexcitation alone. Note the drastically reduced
force in this push–pull disrupted arrangement (blue trace).
Table 2. Reflex force experiments data summary
Peak F ankle
90° (N) (n 24) 	90° (N) (n 24) 90° (N) (n 24)
Push–pull
RC_1 11.8 9.4 10
RC_2 8.7 8.3 6.7
RC_3 24.7 24.8 17.3
RC_4 10.1 12.4 9.9
RC_5 14.2 14.8 14.1
Average 13.9 13.9 11.6
Non-push–pull
RC_1 9.5 7.3 9.1
RC_2 6.1 4.4 5.6
RC_3 19.8 16.5 15.5
RC_4 8.5 7.5 8.6
RC_5 12.2 11.2 12.5
Average 11.2 9.38 10.3
% 24.11 (10.4) 48.19 (22.2) 12.6 (3.8)
t test 0.04 0.0007 0.13
When antagonistmuscles are held at a position equivalent to an ankle angle of 90°, the force gain increase afforded
by stretching and shortening themuscles in a push–pull configuration is about 24% (first column). If the antagonist
muscles are initially held a length corresponding to an ankle angle greater than 90° (5 mm longer), push–pull
coupling provides a gain of 48%. If the experiment is startedwith antagonistmuscles shorter than theywould be at
an ankle angle of 90°, the push–pull gain increase is only 12% (last column). RC_1, Reflex cat 1; RC_2, reflex cat 2;
etc.
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track the changes in ankle angle as the cell was depolarized to
engage the PIC (Fig. 7). Thus, push–pull inputmay allow the PIC
to amplify inputs while still allowing accurate following of their
temporal dynamics. A further limitation of PIC amplification is
that it evokes input saturation, with the cell becoming much less
responsive to additional excitatory input once the PIC is fully
activated (Lee and Heckman, 2000). This saturation occurs be-
cause most of the PIC is generated in dendritic regions where its
activation greatly reduces excitatory synaptic driving force (Elba-
siouny et al., 2006; Bui et al., 2008). By avoiding excessive PIC
activation, push–pull control may reduce or avoid saturation.
We have emphasized the primary role of muscle spindle Ia
afferents and Ia inhibitory interneurons in generating push–pull
(Fig. 1) because our previous studies have shown that the synap-
tic currents generated in ankle extensor motoneurons by ankle
rotation are dominated by this Ia system (Hyngstrom et al., 2007,
2008a). Golgi tendon organ Ib afferents are minimally activated
by passive joint rotations during the intracellular studies, but
would have been strongly activated in our studies of the forces
produced by push–pull. Our results for these active joint rota-
tions strongly supported the existence of push–pull, so the pres-
ence of the Ib sensory input is unlikely to disrupt the pattern set
by Ia afferents and Ia interneurons. Probably, this reflects the
modest impact of this force feedback back onto the muscle of
origin—i.e., of the homonymous pathway (Houk et al., 1970;
Zytnicki et al., 1990). Thus, the focused Ia excitatory–inhibitory
system may continue to dominate.
This study has demonstrated a push–pull organization for
sensory inputs at a single joint, as our focus was on evaluating the
cellular to system transformation and the interaction with neu-
romodulation. Further studies are required to determinewhether
other limb joints also behave in a push–pull manner. This seems
likely, as reciprocal inhibition functions at the knee and hip
(Eccles and Lundberg, 1958; Nichols et al., 1999). An important
additional question is whether push–pull organization is used for
centrally driven movements like locomotion or volitional tasks.
In this regard, an important point is that the Ia interneurons also
receive strong inputs from locomotor and descending inputs
(Jankowska, 1992; Hultborn, 2001) and thus respond not only to
sensory input but also tomotor commands. The firing patterns of
Ia inhibitory interneurons have recently been assessed during
fictive locomotion, which of course involves no changes in mus-
cle length or activation of muscle spindles. The Ia interneurons
fired continuously but increased their firing rates when their tar-
get motoneurons were hyperpolarized and decreased their rates
during target depolarization (Geertsen et al., 2011). This result
clearly indicates that not only do the Ia interneurons receive
strong input from the central pattern generator for locomotion,
but also that the resulting pattern of firing is entirely consis-
tent with push–pull control of motoneurons. For example, the
decrease in Ia interneuron firing during target motoneuron de-
polarization would provide the disinhibition for push–pull.
Moreover, one major descending input system, the vestibulospi-
nal system, appears to be inherently organized in a push–pull
fashion (Grande et al., 2010). Remarkably, the excitatory and
inhibitory synapses for this vestibular push–pull are closely colo-
calizedwithin the dendritic tree (Grande et al., 2010).Movement,
however, might alter this clear centrally driven pattern. For ex-
ample, activation of the agonist muscle produces often shorten-
ing, as for ankle extensors at the end of the stance phase in
locomotion. If shortening induces a decrease in Ia afferent firing
rate, the sensory and central inputs to Ia interneurons during
locomotion would oppose each other. In locomotion, however,
there is alpha–gamma coactivation (Prochazka and Gorassini,
1998). The gamma motoneuron effects on the spindles tend to
reduce the dependence of Ia afferent firing on muscle length and
may thus allow push–pull to be the dominate organization at the
motoneuron.
Alpha–gamma coactivationmay also operate in slow tomod-
erate speed volitional movements. In fact, during slow shorten-
ing, firing of Ia afferents in the agonist muscle is approximately
constant, presumably because of the opposing effects of length
and gamma drive (Hulliger et al., 1985; Wessberg and Vallbo,
1996). Moreover, the tonic activity required for push–pull may
be present in Ia interneurons. Recordings of interneurons in
awake behaving primates found that 80% of the cervical in-
terneurons were active in the resting state between movements
(Prut and Perlmutter, 2003a,b), and it seems reasonable to as-
sume that Ia interneurons are included in this dataset. Thus,
push–pull organization could, in theory, be applied during loco-
motor and voluntary movements and be a fundamental compo-
nent of many types of motor tasks.
It should, however, be emphasized that push–pull organiza-
tion is unlikely to apply to all motor tasks, which exhibit a great
diversity. For example, gamma motor drive is not always closely
linked to alpha (Prochazka et al., 1985) and motoneuron electri-
cal properties are altered by neuromodulatory systems within the
spinal cord (Miles et al., 2007; Zagoraiou et al., 2009; Power et al.,
2010). Equally important, a pattern of excitation and inhibition
that is opposite to that of push–pull, inwhich inhibition increases
as excitation increases, has been demonstrated in the scratch re-
flex in turtle motoneurons (Berg et al., 2007), though this oppo-
site pattern does not seem to occur in locomotion in the turtle
(Stein, 2010) or in either scratch or locomotion patterns inmam-
mals (Perreault et al., 1999; Endo and Kiehn, 2008). We have
recently argued that motoneuron electrical properties are recon-
figured tomatch the demands of each differentmotor task (John-
son andHeckman, 2010), speculating that this reconfiguration is
achieved by varying the patterns of inhibition and neuromodu-
lation. In this way, the electrical properties of motoneurons may
bematched, or perhaps even optimized, tomeet thewide range of
functional demands of different motor tasks.
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